ZnS-type phosphors are well-known materials used in cathode-ray tubes by firing and doping with transition metal ͑e.g., Cu, Ag, Au, etc.͒ or rare-earth metal ͑e.g., Sm͒ as activators. Both the wurtzite ͑W͒ type ͑traditionally called ␣ -ZnS, hexagonal͒ and the zinc blende ͑ZB͒ type ͑␤-ZnS, cubic͒ have been reported. The ZB structure corresponds to the low-temperature phase; the ZB→ W transition temperature had been reported to be about 1020°C. 1 The luminescence of ZnS phosphor powder can be classified into five kinds, depending on the relative ratio of the concentrations of activators and coactivators. 2 The most important one for practical applications is the green luminescence of ZnS:Cu,Cl, in which the concentrations of Cu and Cl are nearly equal.
Raman spectroscopy is an effective method used to study materials structure, composition, and lattice dynamics of the surface layer of powders and films by analyzing the peak frequency of the spectrum. 3 On the other hand, luminescent property measurements are commonly used to study the crystal quality of semiconducting materials due to the trapping of charge carriers in the impurity centers with different forms, e.g., lattice or line defects. 4 Raman spectroscopy of ZnS with distortions of cubic and hexagonal structures has been studied since 1960s; [5] [6] [7] [8] however, there has been no reports on Raman characterization of ZnS:Cu,Cl up until now. In this letter, we investigate the influence of Cu addition on the crystal structure and growth of ZnS powders, and their correlation with the luminescent properties using Raman scattering and electroluminescence ͑EL͒. The details of the synthesis of ZnS:Cu,Cl phosphors can be obtained in a previous report. 9 The ZnS:Cu ͑40-5000 ppm͒, Cl ͑1 wt %͒ phosphor samples fired at 900°C for 2 h in the reduced atmosphere ͑3% H 2 /Ar͒ were rinsed with NH 4 OH and de-ionized water before the Raman and EL measurements. Figure 1͑a͒ shows the Raman spectra of ZnS:Cu,Cl phosphor powder with 40 ppm Cu. The frequency scale was calibrated against the plasma line of an Ar-ion laser as the cross marker shown in Fig. 1 ͑at 116 cm −1 ͒. The Raman intensity in each spectrum was normalized to its longitudinal optical ͑LO͒ mode. Based on the results from Brafman and Mitra 5 and Schneider and Kirby, 6 the Raman spectra of the samples with a Cu addition of 40-400 ppm in Fig. 1͑b͒ can be assigned as hexagonal structures. As the Cu addition is increased ͑Ͼ400 ppm͒, we can see the change of spectrum in Fig. 1͑b͒ , in which one peak is disappearing at ϳ155 cm 1͑b͒ can be correlated to the cubic ZnS structures. 7, 8 Therefore, the transition of Raman spectra ͑CuϾ 400 ppm͒ can be explained as the structural transformation from hexagonal to cubic, i.e., W → ZB transition. Previous x-ray diffraction results of samples with different amounts of Cu addition also showed a W → ZB transition, 9 which is in good agreement with the Raman data of Fig. 1͑b͒ . Similar structure dependence on the dopant concentration was observed in ZnS:Al, 10 in which the phase transition from ZB to W can be observed with increasing ͓Al 3+ ͔. Figure 2͑a͒ shows the LO mode of the powders obtained after the subtraction of the background and the fitting using Voigt profiles. The LO peak has been reported to center at around 350 cm −1 in both hexagonal and cubic ZnS.
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However, we observe that the LO peaks reveal a redshift from 349 to 346.5 cm −1 with increased Cu addition ͑40 → 5000 ppm͒. It can be seen more clearly in Fig. 2͑b͒ that the shift ͑square marker͒ is related to the Cu addition ͑in logarithmic scale͒.
Raman scattering studies of the mixed crystals of Zn 1−x M x S ͑M = Fe, Mn͒ by Jiménez-Sandoval et al. 11 show that both the intensities and frequencies of the TO and LO modes of ZnS and the position of the new peaks induced by the impurity ͑M͒ are independent of the M concentration because of the small reduced mass difference ͑⌬ Ͻ 2.0 amu͒ between ZnS and MS. By contrast, the intensity of the new peaks shows strong dependence on the M concentration, i.e., stronger intensity with higher M concentration. Since the ⌬ between ZnS and CuS is only 0.2 amu, ZnS:Cu is thought to exhibit the behavior described above. Therefore, the shift of LO shown in Fig. 2͑a͒ is considered not to result from the substitution of Zn sites with Cu ions, but rather, from other factors ͑vide infra͒.
The shift of the Raman peak has been studied widely in many heterostructural materials 12 and is referred to as the stress ͑or strain͒ effect. Accordingly, the strain in ZnS can be estimated from the shift of LO mode using the following equation:
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where ⌬ LO is the shift of LO peak, 0 is the LO frequency of unstrained ZnS, and is the induced strain. The redshift ͑⌬ LO Ͻ 0͒ in ZnS:Cu,Cl here indicates that a tensile strain ͑Ͻ0͒ existed in the lattice. Due to the limited solubility of Cu ions in ZnS ͑ϳ0.05 wt % ͒, Cu ions are expected to be located interstitially in the lattice instead of being substituted for Zn 2+ as Cu concentration increased. Therefore, the gradual shift of the LO mode as well as the tensile stress with increasing Cu addition are believed to result from the excess incorporation of Cu interstitially in the ZnS lattice. This strain effect can also be validated by the observation of the broadening LO peak ͓i.e., full width at half maximum ͑FWHM͒ value͔ with increasing Cu addition, shown in Fig.  2͑b͒ as triangle markers. Similar shifting and broadening effects can be observed in the TO mode shown in Fig. 1͑b͒ . Figure 2͑c͒ shows the dependence of the TO peak intensity on the Cu addition. Brafman and Mitra 5 had documented that the ratio of the integrated intensity of the LO band to the TO band was ϳ15 in cubic ZnS, and was reduced to ϳ6 in hexagonal ZnS. Therefore, the decrease of TO intensity in Fig. 2͑c͒ ͑or increase of LO/TO͒ with Cu addition confirms the transformation of ZnS structure from hexagonal to cubic as indicated in Fig. 1͑b͒ .
A low-energy shoulder at 338 cm −1 of the LO mode in Fig. 2͑a͒ cannot be assigned as the peak induced by the Cu ions due to its decreasing peak intensity with increasing Cu addition ͑40→ 400 ppm͒. The scanning electron microscopic observations revealed an increasing size of ZnS powders from ϳ1 to ϳ 5 m ͑CuϾ 800 ppm͒, i.e., a reduction of specific surface area for samples with increasing Cu addition. Therefore, we supposed that this shoulder could be a surface phonon ͑SP͒ mode caused by the coupling of surface phonons with its surrounding environment, which occurs often in II-VI nanocrystalline semiconductors.
15-17 Figure 3 shows the Raman spectra in the range of 360-700 cm −1 , and in addition to the identified peaks as labeled with two-phonon processes, we also find that there is an impurity ͑or precipitation͒ phase at around 470 cm −1 in the samples with CuϾ 400 ppm. This impurity was inferred to be Cu x S by comparing the phonon frequency with the published data, 18 which exhibits different structures and electrical properties depending on the value of x. 19 From the viewpoint of thermodynamics, the Cu x S precipitates were expected to form from the interstitial Cu ions in order to reduce the free energy of the system. In addition, the rougher spectra were also observed as Cu addition increased, indicating that there may be some local vibration modes induced by the incorporation of Cu in the lattice, as the case of ZnS:Al. 20 The Raman peaks in the range of 600-700 cm −1 ͑in Fig. 3͒ also present the shift and broadening effects as Cu addition increased, due to the fact that these are overtones or combinations of first-order LO and TO peaks.
According to the concept of the bipolar field-emission model proposed by Fisher, 21, 22 Cu x S has been considered to provide the hot carriers for excitation of activators in ZnS under the high electric field ͑Ͼ10 6 V cm −1 ͒ due to its narrower band gap energy ͑E g ϳ 1.2 eV͒ and its metal-like conductivity. Figure 4 shows the EL spectrum of ZnS:Cu,Cl with 1400 ppm Cu excited by a 1 kHz alternating current with 300 V bias voltage ͑as shown in the left inset͒. The broad spectrum consisting of green ͑G-Cu͒, self-activated blue ͑SA͒, and blue ͑B-Cu͒ bands was considered to result from substitutional Cu Zn + , vacancies ͑V Zn 2+ , V S 2− ͒ and interstitial Cu i + , respectively. 23 The luminescence result agrees with the Raman measurements that copper dopants were not only substituted in Zn 2+ sites but also entered the lattice interstitially, causing the tensile strain and structure transformation, as discussed above.
The right inset of Fig. 4 shows the integrated EL intensity as a function of the Cu addition; it is observed that the samples with Cuജ 400 ppm will emit light and Ͻ400 ppm will not, which is reasonable due to the lack of Cu x S precipitates in hexagonal ZnS as revealed in the Raman spectra of Fig. 3 . However, EL emitted in the sample with 400 ppm Cu indicates that Cu x S would survive in the powder to induce recombination in the luminescence centers. Because of the limited penetration depth of excitation and scattering lights ͑d pen ͒ into the powder, the material in the deeper region ͑Ͼd pen ͒ cannot be detected. Therefore, it can be said that Cu x S would precipitate within the deeper regions of the sample of 400 ppm Cu, instead of appearing near the surface. X-ray photoelectron spectroscopic analysis ͑sampling depthϳ 20-30 Å͒ showed the same result where Cu 2p 3/2 and 2p 1/2 peaks were not found on the powder of 400 ppm Cu. Further experiments using different excitation wavelengths and sources are underway in order to study the distribution of Cu x S precipitates and activators ͑Cu Zn + , Cu i + ͒ in the powders.
In summary, we have investigated the effect of Cu incorporation on the structure and luminescence of ZnS. It is found that a Cu addition of Ͼ400 ppm in ZnS tends to transform the structure from hexagonal to cubic and results in a redshift of Raman scattering. We attribute the interstitial Cu + and Cu x S precipitates to the phase transformation, tensile strain, crystal growth, and a broad EL emission spectrum.
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